1. Introduction
===============

The risk of sudden death is at least 20 times higher in people with epilepsy than in the general population.^\[[@R1],[@R2]\]^ The incidence of the most frequent epilepsy-related cause of death, namely, sudden unexpected death in epilepsy patients (SUDEP), is substantial in all types of epilepsy and ranges from approximately 0.81‰ to 9.3‰.^\[[@R1][@R2][@R3]\]^ The public health burden of SUDEP is reportedly second only to that of stroke in terms of years of potential life lost.^\[[@R3]\]^ Consequently, identifying the warning signs of SUDEP has become an issue of great concern to clinicians, researchers, and the public health community.

Bird et al^\[[@R4]\]^ first reported a notable electroencephalography (EEG) phenomenon in a case of SUDEP in which seizure cessation was immediately followed by diffuse EEG flatness, after which the patient\'s pulse faded away. Thereafter, this characteristic EEG performance has been increasingly observed in video-EEG (VEEG)-recorded cases of SUDEP and near-SUDEP,^\[[@R5][@R6][@R7]\]^ subsequently promoting the concept of postictal generalized EEG suppression (PGES)^\[[@R8]\]^ and further inspiring speculation that PGES, as a reflection of "electrocerebral shutdown,\" might be a potential EEG warning sign of SUDEP.^\[[@R2],[@R6],[@R8]\]^

However, this conclusion should be drawn with caution due to challenges from subsequent studies. Surges et al,^\[[@R9]\]^ upon performing a matched-pair comparison between patients with pharmacoresistant focal epilepsy who died from SUDEP and living controls, found no significant difference in either the incidence or the duration of PGES. Another review of VEEG recordings during convulsive seizures (CSs) demonstrated that PGES is not a consistent finding after each seizure attack and that, at the individual level, as more CSs were recorded, fewer cases of prolonged PGES (\>20 seconds) occurred consistently.^\[[@R10]\]^ A growing research effort on PGES has been triggered by the controversial role of PGES as a putative warning for SUDEP.

The risk factors for PGES have been evaluated in several studies with conflicting results,^\[[@R8][@R9][@R10][@R11][@R12][@R13][@R14][@R15][@R16][@R17][@R18][@R19][@R20]\]^ which may be attributed to the different patient populations. Given that generalized convulsive seizure (GCS) is an acknowledged high-risk factor for SUDEP^\[[@R1],[@R2]\]^ and that PGES occurs mostly after GCS,^\[[@R9],[@R10],[@R13],[@R15],[@R19]\]^ the current study retrospectively reviewed GCSs that occurred during long-term VEEG monitoring at a single epilepsy center in West China to explore the demographic and periictal electroclinical characteristics related to PGES. Due to the possible positive correlation between prolonged PGES and a high risk of SUDEP,^\[[@R8],[@R11],[@R20]\]^ we also performed a subgroup analysis based on the duration of PGES. We hope that these results will provide new clues for PGES identification and early intervention as well as its relationship with SUDEP.

2. Subjects and methods
=======================

2.1. Participants
-----------------

We retrospectively reviewed the archived medical records and VEEG data of consecutive patients from January 2015 to January 2017 at the Epilepsy Center of the Neurology Department at the West China Hospital of Sichuan University, China. This retrospective case-control study was approved by the local ethics committee at West China Hospital of Sichuan University. All these anonymized data are available by request from any qualified investigator.

All enrolled participants were diagnosed with epilepsy based on the International League Against Epilepsy (ILAE)-2017 criteria,^\[[@R21]\]^ had at least 1 GCS (either generalized or focal onset)^\[[@R22]\]^ recorded in \>24 hours of long-term VEEG monitoring, and did not meet any of the following exclusion criteria: EEG data were obscured by significant electrode/muscle/breathing/movement artifacts, and benzodiazepines were administered intravenously during seizure attacks.

On the basis of the definition of PGES that was previously published by Lhatoo et al (2010), namely, immediate generalized EEG activity suppression after seizure termination (within 30 seconds) with an amplitude \<10 μV, all participants and their GCSs were divided into a PGES+ group and a PGES--group. Prolonged PGES was defined by PGES duration \>20 seconds and was further filtered from the PGES+ group for subgroup analysis due to its association with a significantly increased incidence of SUDEP.^\[[@R8],[@R20]\]^

2.2. VEEG data acquisition and review
-------------------------------------

Thirty-two-channel VEEG data were obtained using a digital system with Galileo NT software (EB Neuro S.p.A., Florence, Italy). Scalp electrodes were placed according to the International 10--20 system at Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, Fpz, Fz, Cz, and Pz referenced to linked ears. Bandpass filters were set at 0.3 to 70 Hz with a 70-Hz notch filter. A deltoideus electromyogram and single-channel electrocardiography (ECG) were routinely recorded. Two experienced clinical neurophysiologists independently reviewed the VEEG records. In cases of disagreement, the VEEG records were checked by an additional clinical neurophysiologist, and a consensus was reached by discussion among all 3 reviewers.

2.3. Collection of variables
----------------------------

For each patient, data on sex, age, age at onset, epilepsy duration, GCS frequency, magnetic resonance image (MRI) lesions, risk factors, epilepsy category, and numbers of antiepileptic drugs (AEDs) were collected. Potential risk for SUDEP was assessed using the Revised SUDEP-7 Risk Factor Inventory, in which higher scores denoted a higher risk.^\[[@R13],[@R23]\]^

For each GCS, the total seizure duration, seizure origin (focal/generalized), and seizure termination (abrupt/gradual)^\[[@R8]\]^ were determined by a combination of ictal clinical and EEG manifestations. The convulsive phase was picked up independently and further divided into the tonic phase (generalized body tonic stiffening associated with continuous EEG muscle artifacts) and the clonic phase (generalized rhythmic body jerking associated with intermittent EEG muscle artifacts).^\[[@R18],[@R24]\]^ The semiology of GCSs was classified into 3 types, as described previously^\[[@R19]\]^: type 1, tonic-clonic GCS with bilateral and symmetric tonic arm extension; type 2, clonic GCS without tonic arm extension or flexion; and type 3, GCS with unilateral or asymmetric tonic arm extension or flexion. Seizures that could not be classified firmly as type 1 or type 2 were included in type 3. After seizure, postictal responsiveness and motion were determined from medical records and VEEG data. Furthermore, postictal motion was detailed in terms of bodily and oropharyngeal activity, whether spontaneous or passive. Peri-ictal interventions from both caregivers and medical staff, including adjustment of the body position, consciousness and vital sign examination, airway clearance, and oxygen administration, were also recorded.

For each PGES, the occurrence, duration, and termination were determined strictly in accordance with the aforementioned definition of PGES. The termination of PGES was categorized as abrupt (sudden, generalized EEG recovery) or gradual (slow, intermittent EEG recovery alternating with brief PGES fragment). In the course of reviewing, we noticed that some instances of PGES termination were induced by the passive movement of patients by bedside caregivers, which included patting, rotating, dragging, swaying and any other forms of movement of the trunk, limbs, head, neck and mouth. Hence, we also categorized PGES termination as evoked, in which PGES ceased immediately following any form of passive body movement, or spontaneous. In addition, some PGES instances ended with immediate body movement, whereas others demonstrated delayed body movement after a time interval to PGES termination, and both were recorded in this study.

2.4. Statistical analysis
-------------------------

The SPSS software package (version 20.0 for Mac, <http://www.spss.com/>; SPSS Inc, Chicago, IL) was used for statistical analysis. We performed Student *t* test for continuous data with normal distribution, Mann--Whitney *U* test for continuous data without normal distribution, and Pearson *χ*^2^ test for categorical data to compare the PGES+ group with the PGES--group and the PGES \>20 seconds group with the PGES \<20 seconds group. The threshold of statistical significance was set at *P* value \<.05. To determine which variables were independently associated with PGES and prolonged PGES, logistic regression analysis was performed with Bonferroni correction. In addition, a multiple linear regression model was applied to estimate the potential impacts of age, onset age, and tonic duration on PGES duration.

3. Results
==========

A total of 126 patients with 237 GCSs were enrolled after excluding 2 patients with 6 seizures due to the absence or poor visibility of their videos. The duration of VEEG records ranged from 24 to 72 hours. Eighty patients (63.5%, 80/126) exhibited PGES after 127 GCSs (53.6%, 127/237), with an average PGES duration of 41.31 ± 24.03 seconds (34 seconds, 3--70 seconds). Among these 80 patients, 59 (73.7%, 59/80) had \>2 GCSs during VEEG monitoring, and 10 (16.9%, 10/59) exhibited inconsistent PGES occurrence after each GCS. In the calculation of the PGES duration, 4 GCSs in 2 patients with \<17 seconds of VEEG data were excluded for showing continuous PGES in the recording period but no definite time of termination. Ninety-nine (80.5%, 99/123) PGES episodes in 64 (82.1%, 64/78) patients lasted \>20 seconds, and 24 (19.5%, 24/123) PGES episodes in 14 (17.9%, 14/78) patients ended within 20 seconds.

The PGES+ group demonstrated a longer duration of tonic phase (*P* = .001) and an older age (*P* = .024) than the PGES--group. The PGES \>20 seconds group also demonstrated a longer duration of the tonic phase (*P* = .004) and an older age at onset (*P* = .006) than the PGES \<20 seconds group. Further multiple linear regression showed a 0.97-second increase in the PGES duration for each 1-second increase in the tonic duration (*F* = 10.248, *P* \< .001, Bonferroni correction). Surprisingly, a lower score on the Revised SUDEP-7 Risk Factor Inventory was observed in patients with prolonged PGES (*P* = .021). No significant differences in sex, epilepsy duration, GCS frequency, MRI lesion, number of AEDs, total seizure duration, convulsive duration, tonic duration, and so on were observed, and further logical regression also rejected the independent association of these variables with PGES as well as prolonged PGES. See details in Tables [1](#T1){ref-type="table"}[2](#T2){ref-type="table"}[3](#T3){ref-type="table"}[4](#T4){ref-type="table"} and Figure [1](#F1){ref-type="fig"}A and B.
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Association of PGES and patient-specific variables.

![](medi-99-e19940-g001)

###### 

Association of PGES and seizure-specific variables.
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Association of prolonged PGES and patient-specific variables.
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###### 

Association of prolonged PGES and seizure-specific variables^†^.

![](medi-99-e19940-g004)

![Main electroclinical findings in patients with PGES and prolonged PGES. (A) Duration of the tonic phase in patients with and without PGES. (B) Duration of the tonic phase in patients with PGES \>20 seconds and PGES \<20 seconds. (C) GCS ictal semiology in patients with and without PGES (GCS type 1 accounted for 22.8% vs 4.5%, respectively; odds ratio = 5.07). (D) Postictal performance in patients with and without PGES. (E) Features of PGES termination in patients with PGES \>20 seconds and PGES \<20 seconds. ^∗∗∗^*P* \< .001, ^∗∗^*P* \< .01, ^∗^*P* \< .05. GCS = generalized convulsive seizure, PGES = postictal generalized electroencephalographic suppression.](medi-99-e19940-g005){#F1}

Regarding ictal semiology, GCS type 3 accounted for a majority in both the PGES+ group and the PGES--group (64.6% vs 78.2%, odds ratio = 0.83, Table [2](#T2){ref-type="table"} and Fig. [1](#F1){ref-type="fig"}C); however, GCS type 1 was significantly more common in the PGES+ group than in the PGES--group (22.8% vs 4.5%, odds ratio = 5.07, Table [2](#T2){ref-type="table"} and Fig. [1](#F1){ref-type="fig"}C). Further multivariate regression analysis confirmed that the ictal semiology of GCS was independently associated with the occurrence of PGES (odds ratio = 2.296, *P* = .001, Bonferroni correction; Table [5](#T5){ref-type="table"}). This predictive effect of ictal GCS semiology was not replicated in the prolonged PGES group (Table [4](#T4){ref-type="table"}).

###### 

Logistic regression analysis of variables related to PGES and prolonged PGES.
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Various peri-ictal medical interventions were provided for 165 (69.6%) of 237 seizures, although no significant differences were found between either the PGES+ and PGES--groups or the PGES \>20 seconds and PGES \<20 seconds groups. Postictal unresponsiveness (98.4% vs 30.0%, *P* \< .001) or immobility was significantly more commonly observed in patients with PGES than in those without PGES, including both body movements (90.6% vs 30.9%, *P* \< .001) and oropharyngeal activity (96.1% vs 73.6%, *P* \< .001). However, subgroup differences among the patients with different durations of PGES were mainly observed in the termination of PGES, rather than in postictal responsiveness and motion. In the PGES \<20 seconds group, the termination of PGES tended to be abrupt (87.5%, *P* = .023) and induced by the passive movement of patients from bedside caregivers (41.7%, *P* = .023), followed by delayed body movement (54.2%, *P* = .019). In contrast, in the PGES \>20 seconds group, a higher percentage of PGES episodes phased out gradually (36.1%, *P* = .023) and spontaneously (80.4%, *P* = .023) with immediate body movement at the endpoint of PGES (71.1%, *P* = .019). See details in Tables [1](#T1){ref-type="table"}[2](#T2){ref-type="table"}[3](#T3){ref-type="table"}[4](#T4){ref-type="table"} and Figure [1](#F1){ref-type="fig"}D and E.

4. Discussion
=============

PGES, as a potential EEG marker of SUDEP, has attracted increasing concern in recent years. However, the electroclinical characteristics of PGES have remained controversial across studies due to the heterogeneity of the patient population. The consensus is that PGES occurs far more frequently after GCS than after any other type of seizure.^\[[@R9],[@R10],[@R13],[@R15],[@R19]\]^ In this context, we performed a retrospective case--control study of epilepsy patients who presented GCS during long-term VEEG monitoring, detecting demographic, and peri-ictal electroclinical variables that were associated with not only the occurrence but also the prolonged duration of PGES.

This study demonstrated an older age in patients with PGES and a later age at onset in patients with prolonged PGES. Lamberts et al and Xu et al reported the same phenomenon^\[[@R20],[@R25]\]^ and referred to it as a possible proxy for the different etiologies among different age groups.^\[[@R25]\]^ Freitas et al and Pavlova et al also corroborated that PGES, especially of prolonged duration, occurred more often in adults than in children,^\[[@R11],[@R13],[@R14]\]^ for which the explanation might be the immature inhibitory neuronal network in pediatric patients.^\[[@R26],[@R27]\]^ Nevertheless, other previous investigations did not note a significant relationship between age/onset age and PGES,^\[[@R11],[@R16],[@R18][@R19][@R20],[@R28]\]^ probably due to their inclusion of seizure types other than GCS^\[[@R11],[@R16],[@R28]\]^ or the age restrictions they used.^\[[@R13],[@R19]\]^

Throughout the course of GCS, we found that the tonic phase lasted longer in patients with PGES as well as in patients with prolonged PGES, such that each 1-second increase in tonic duration was associated with a 0.97-second increase in PGES duration. This independent predictive role of prolonged tonic duration in PGES occurrence has been recognized in previous studies.^\[[@R9],[@R11],[@R18],[@R20]\]^ Another retrospective study further corroborated the positive correlation between tonic phase duration and PGES duration in both adults and children.^\[[@R18]\]^ The tonic component has been postulated to represent the most pronounced ictal hypersynchronous neuronal excitation and apnea, presumably followed by severe postictal hypersynchronous neuronal inhibition^\[[@R29],[@R30]\]^ and hypoxemic effects on the brain,^\[[@R16],[@R18]\]^ which might be a possible explanation for the pathogenesis underlying PGES and its persistence.

However, this result was not replicated in other studies,^\[[@R10],[@R12],[@R24]\]^ showing that PGES was not significantly associated with tonic duration. Lamberts et al^\[[@R10]\]^ attributed these discrepancies to the diversity of the semiological characteristics of GCSs across studies. Consequently, an innovative classification based on the ictal semiology of GCSs was conducted in a prospective multicenter cohort^\[[@R19]\]^ and indicated that the risk of PGES varied among the assigned 3 types of GCS. GCS type 1, which is characterized by symmetric bilateral tonic arm extension, was found to be the most relevant semiology to PGES. The manifestation of GCS type 1 that resembles the symptoms of decerebrate response was conjectured to suggest the involvement of the inhibitory neural network located in the brainstem.^\[[@R19]\]^ Our results partially supported the above theory that the incidence of GCS type 1 would be higher in the PGES+ group than in the PGES--group. The finding that GCS type 3 accounted for the highest proportion in both the PGES+ group and PGES--group in this study was possibly due to the admission mainly of epileptic patients with focal onset warranting a preoperative evaluation.

Following GCS, patients with PGES are more likely to be unresponsive and immobile and have a longer duration than those without PGES.^\[[@R15],[@R17],[@R18],[@R24]\]^ Our results reconfirmed this finding and further refined postictal immobility into the oropharynx, such as chewing, swallowing, and phonating. Postictal impaired consciousness and mobility have been considered signs of inhibitory neural network activation underlying PGES, causing the inability to adjust harmful postictal positions (ie, the prone position) and consequent airway obstruction.^\[[@R17],[@R18],[@R24]\]^ The newly detected postictal immobility in the oropharynx, acting as an additional obstacle to reopening the airway, might further exacerbate peripheral hypoventilation and hypoxemia. These findings coincided with previous observations that seizure-related respiratory depression had a high rate of occurrence in patients with PGES^\[[@R13],[@R16],[@R24]\]^ as well as in SUDEP cases^\[[@R28]\]^ and might provide clues to the possible contribution of hypoventilation to the pathophysiology of PGES and SUDEP.

Another intriguing phenomenon that was noticed here for the first time was the termination pattern of PGES. The patients with shortened PGES developed an abrupt termination of PGES induced by the passive movement of patients from bedside caregivers; however, no significant difference in any peri-ictal medical intervention was demonstrated. Previous investigations merely presented evidence supporting medical care, such as oxygen administration, to reduce PGES presence and shorten its duration.^\[[@R19]\]^ Our results further suggest that any form of peri-ictal interference action from a nearby witness might interrupt the pathophysiology of PGES, regardless of whether their actions constitute an effective medical intervention or even consist only of patting or moving the patient\'s body. Given that increasingly intelligent biometric techniques have been applied to monitor and optimize interventions for disorders,^\[[@R31],[@R32]\]^ it is reasonable to expect that PGES could enable early warning and intervention in seizures with PGES based on EEG pattern recognition.

Patients whose PGES terminated abruptly on intervention presented a shortened PGES duration, but they showed delayed body movement after an interval following PGES termination. On the contrary, patients with prolonged PGES were predisposed to display spontaneous gradual PGES termination following immediate body movement. One can easily conclude that it would take time to proceed from PGES termination to body movement. Given that PGES is a sign of enhanced inhibitory neuronal network activity,^\[[@R8],[@R29],[@R33]\]^ its termination represents inactivation of the inhibitory neuronal network. Our findings suggest that the inactivation of the inhibitory neural network and the arousal of the activating neural network, represented by motion, as well as the switching between these 2 systems, might undergo a progressive process.

The role of PGES in the pathophysiology of SUDEP is still a matter of debate.^\[[@R8],[@R10],[@R17],[@R28],[@R33]\]^ Lhatoo et al^\[[@R8]\]^ reported that prolonged PGES appears to identify patients at high risk for SUDEP. However, we obtained a relatively lower risk score for SUDEP in patients with prolonged PGES. The Revised SUDEP-7 Risk Factor Inventory, which was used in this study, has exhibited preliminary feasibility in children by showing an elevated risk of SUDEP in patients with PGES,^\[[@R13]\]^ but has not been applied to adults. Moreover, this inventory does not include high-risk factors for SUDEP of current interest, such as nocturnal seizure and prone position, in the grading criteria.^\[[@R34]\]^ Thus, caution should be taken when directly equating a high score in this screening inventory with a high risk of SUDEP. The exact relationship between PGES and SUDEP cannot be determined simply by the Revised SUDEP-7 Risk Factor Inventory but warrants further investigation.

Certain limitations of this study should be noted. First, although the total number of participants included might be sufficient, the sample size for conducting the subgroup comparison according to PGES duration appeared to be relatively small and might have reduced the ability to detect potential between-group differences. Second, of the patients who underwent VEEG monitoring in this study, those receiving a preoperative evaluation of focal onset GCS constituted a relatively large proportion of the total, which might have led to a possible selection effect. Third, we did not include variables such as AED withdrawal^\[[@R10]\]^ and cardiorespiratory parameters,^\[[@R4],[@R5],[@R11],[@R13],[@R16],[@R24],[@R28]\]^ which have been reported to be associated with PGES and its duration, due to the lack of detailed measurable documentation in the archived recordings. Last, periictal medical intervention was given at the discretion of bedside staff in this retrospective case-control study, acting as a possible confounder to postictal motion and responsiveness. A further prospective cohort study with a larger sample size, standardized periictal medical intervention, and synchronous cardiorespiratory monitoring data, or even the integration of an efficient biometric index for analysis,^\[[@R31],[@R32]\]^ would be optimal for addressing these issues and deepening our insights into PGES and its relationship with SUDEP.

5. Conclusion
=============

The conclusions are shown in Figure [2](#F2){ref-type="fig"}. GCS with an ictal semiology mimicking decerebrate extension or a prolonged tonic component had an increased likelihood of being followed by PGES and might facilitate PGES by involving and enhancing hyperactivation of the inhibitory neural network located in the brainstem. Postictal unconsciousness combined with immobility was a much more common manifestation in PGES, worsening airway obstruction by leaving the patient in a harmful position and driving a vicious cycle involving hypoxemia, the inhibitory neural network and PGES. All of these factors, including hypoxemia, harmful postictal position, and brainstem involvement, have been reported to contribute to SUDEP pathophysiology, suggesting an inherent relationship between PGES and SUDEP. However, the duration of PGES might be interrupted by any periictal interference from a nearby witness, regardless of whether it produces an effective medical intervention. In addition, regardless of the pattern of PGES termination, the resuscitation of the inhibitory neural network might be a gradually progressive process.

![Schematic illustrating the hypothetical relationships among the inhibitory neural network, PGES, SUDEP and their precipitating factors. GCS = generalized convulsive seizure, PGES = postictal generalized electroencephalographic suppression, SUDEP = sudden unexpected death in epilepsy patients.](medi-99-e19940-g007){#F2}
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